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Abstract 
The thermal stability of low density polycarbonate-graphene nanocomposite foams 
prepared by supercritical carbon dioxide two-step foaming was investigated. Unfilled 
polycarbonate foams showed improved thermal stabilities when compared to the 
unfoamed polycarbonate, as the cellular structure of foams effectively slowed down the 
heat transfer process. Comparatively, polycarbonate foams with larger cells exhibited 
the highest delays in the early stage of thermal decomposition. Low density 
polycarbonate-graphene nanocomposite foams (relative densities between 0.07 and 
0.28) displayed even higher thermal stabilities, with enhancements of up to 70 ºC in 
terms of the onset of decomposition when compared to the unfilled PC, which was 
attributed to a combination of a heat transfer reduction promoted by the cellular 
structure and the presence of the dispersed graphene nanoplatelets, which acted as a 
physical barrier to the release of volatile decomposition products.  
 
Keywords: Polycarbonate; graphene; two-step foaming; thermal stability. 
 
 
 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
 2
1. Introduction 
Polycarbonate (PC) is an engineering plastic well-known for its balance of high 
thermal stability, chemical resistance and mechanical performance [1]. Nevertheless, 
there is a great interest in further enhancing the thermal stability of PC, with the 
objective of extending its use temperature and hence range of possible applications. 
That is why many works have focused on studying the thermal stability of PC [2-4]. For 
instance, Jang et al. have investigated the thermal decomposition of PC under both 
nitrogen and air atmospheres, describing PC’s main thermal degradation pathways [5-
6]. One of the used strategies nowadays to enhance the thermal stability of PC considers 
the addition of fillers, and more recently nanofillers, especially those having a platelet-
like morphology, such as silicate-layered nanoclays. Feng et al. have recently studied 
the thermal behavior of PC composites containing montmorillonite nanoparticles and 
reported improved thermal stability, which they attributed to the good dispersion and 
layered morphology of the nanoparticles [7-8]. Among platelet-like nanofillers, 
graphene-based nanoparticles (graphene nanoplatelets, graphene oxide, reduced 
graphene oxide, among others) have been gaining an increasing interest [9-10] for the 
development of new PC composites that combine structural functions with more 
functional characteristics, such as enhanced thermal stability, improved conductivity or 
shielding effectiveness [11-14].    
One recent strategy has considered foaming of PC composites reinforced with 
graphene-based nanoparticles and control of the cellular structure of the resulting foams 
as a way to obtain multifunctional lightweight materials [15]. Nevertheless, due to the 
complex multiphase nature of these foams, information is still lacking about their 
thermal stability. Proposed reasons for enhanced thermal stability of polymer foams 
containing nanoparticles include: enhanced dispersion of nanofillers promoted by 
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foaming, which might hinder the flux of degradation products and delay the onset of 
decomposition, especially in the case of platelet-like nanoparticles due to their particular 
morphology that promotes a thermal barrier effect [16-17]; polymer molecules near the 
nanofillers might degrade more slowly; higher thermal conductivity of nanocomposites 
could ease heat dissipation within the matrix [18]; and the cellular structure itself could 
act as an improved thermal insulator, inhibiting heat transfer at the beginning of thermal 
decomposition [19]. 
In a previous work we reported significant improvements in the thermal stability of 
PC foams with medium-high relative densities (between 0.35 and 0.79) prepared using a 
one-step scCO2 foaming process with incorporating 0.5 wt% of graphene nanoplatelets 
(GnP) [19]. We observed that the enhanced thermal stability was related to a 
combination of a reduction in the heat transfer due to the thermally-insulating cellular 
structure of the foams and the barrier effect promoted by the presence of the graphene 
nanoplatelets, which delayed the escape of volatile products during decomposition. 
Recently we showed that a two-step foaming process based on the initial dissolution 
of scCO2 and later foaming by heating could lead to the formation of PC-GnP foams 
with much lower relative densities (between 0.08 and 0.28) [20-21], indirectly resulting 
in even better graphene nanoplatelets dispersion, effectively enhancing the 
electromagnetic shielding properties of these foams [22]. However, no studies so far 
have thoroughly analyzed the thermal stability of low density PC-GnP nanocomposite 
foams, as density reduction could further enhance thermal stability. 
With this in mind, in the present study we investigate the thermal stability of low 
density polycarbonate foams reinforced with graphene nanoplatelets prepared by means 
of scCO2 two-step foaming, comparing the results with those of unfilled PC foams and 
medium-high density PC-GnP foams. 
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2. Experimental  
2.1. Precursors’ preparation 
Composite preparation consisted of melt-compounding a pelletized polycarbonate, 
PC (Lexan-123R-PC, supplied by Sabic, with a density of 1.2 g/cm3 and MFI of 17.5 
dg/min, measured at 300 ºC and 1.2 kg) with 0.5 wt% of graphene nanoplatelets (GnP) 
using a Brabender Plasti-Corder internal mixer. The graphene nanoplatelets used in this 
study were supplied by XG Sciences, Inc. These xGnP-Grade-M nanoplatelets are 6 to 8 
nm thick with a 15 µm average diameter and a density of 2.2 g/cm3, as reported by the 
manufacturer.  
The PC with 0.5 wt% GnP mix was compression-molded in a hot-plate press (IQAP 
LAP PL-15) to form circular-shaped discs with a thickness of 3.5 mm and diameter of 
74 mm, as explained in our previous work [23]. These circular-shaped discs were used 
as precursors, being foamed by means of supercritical carbon dioxide two-step foaming 
(see scheme presented in Figure 1). 
 
2.2. Foam preparation 
Initially, supercritical carbon dioxide (scCO2) was dissolved in the precursors 
inside of high pressure vessel (Step I). In order to vary the amount of dissolved scCO2, 
two scCO2 dissolution temperatures were used: 80 and 100 ºC, in both cases applying a 
dissolution time of 210 min. The scCO2 was introduced in the vessel at room 
temperature and 70 bar. Dissolution pressures reached 140 and 170 bar for dissolution 
temperatures of 80 ºC and 100 ºC, respectively. After CO2 was dissolved into the 
precursors, these were cooled to room temperature at 15 ºC/h by re-circulating water 
through the vessel’s cooling jacket while maintaining the vessel pressurized. Following 
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slow depressurization of the scCO2 at room temperature, the precursors containing CO2 
were taken out of the vessel and left to stabilize at room temperature and atmospheric 
pressure for 120 min (see scheme of Step I presented in Figure 1). 
After stabilization, the precursors with dissolved CO2 were placed in a circular-
cavity mould and foamed in a second step in the hot-plate press at a constant 
temperature and pressure of 165 ºC and 60 bar, respectively (see scheme of Step II 
presented in Figure 1). After applying a heating time that varied between 40 and 120 s 
with intervals of 20 s, the applied pressure was suddenly released, allowing the 
precursors containing CO2 to foam. Following expansion, foams were quickly removed 
from the hot-plate press and left to cool at room temperature via direct air contact. 
Unfilled PC and PC-GnP nanocomposite foams with relative densities ranging from 
0.07 to 0.28 could be obtained depending on the dissolution conditions and heating time 
in the press (see Table 1). 
 
 
Figure 1. Scheme of the two-step foaming process. 
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Table 1. Foaming conditions and range of relative densities of PC and PC-GnP 
nanocomposite foams [20-21]. 
Foam 
Dissolution 
temperature (ºC) 
Dissolution 
pressure (bar) 
Heating time 
range (s) 
Relative density 
range 
PC 80 140 40-120 0.08-0.15 
100 170 40-120 0.07-0.15 
PC-GnP 80 140 40-100 0.14-0.28 
100 170 40-100 0.08-0.20 
 
2.3. Cellular structure characterization  
The density of the several unfilled PC and PC-GnP foams was measured according 
to standard procedures (ISO 845), while the relative density was calculated by dividing 
this value by the density of the respective unfoamed precursor. Scanning electron 
microscopy (SEM) was used to analyze the cellular structure of the foams. Samples 
were prepared by cryogenically fracturing the foams in liquid nitrogen and sputter 
depositing a thin layer of gold at the surface using a BAL-TECSCD005 Sputter Coater 
(argon atmosphere). Micrographs were obtained using a JEOL JSM-5610 scanning 
electron microscope applying a voltage of 10 kV and a working distance of 40 mm. 
 
2.4. Thermogravimetric analysis  
Thermogravimetric analysis was performed in a TGA/DSC 1 Mettler Toledo Star 
System analyzer by heating samples of around 10.0 mg from 30 to 700 ºC at a heating 
rate of 10 ºC/min under a constant flow of 30 ml/min of nitrogen. The temperatures 
corresponding to mass losses of 1, 5 and 50%, as well as the temperature corresponding 
to the maximum mass loss rate in the DTG curve (Tmax), were reported for the unfoamed 
and foamed unfilled PC and PC-GnP nanocomposites.  
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3. Results and discussion 
3.1. Thermal stability of low density polycarbonate foams 
As shown in Figure 2(a), a characteristic one-step decomposition process was 
observed for both unfoamed PC and PC foams prepared by dissolving CO2 at 80 ºC. An 
onset temperature (1 wt% loss) of 388 ºC and a Tmax of 430 ºC were detected for the 
unfoamed PC (see values presented in Table 2). It has been reported that the main 
decomposition pathways of PC include the chain scission of isopropylidene bonds and 
the hydrolysis/alcoholysis of carbonate bonds. The latter includes rearrangements of 
some carbonate bonds such as decarboxylation or cross-linking upon heating, leading to 
the formation of CO2, H2O and char [5]. 
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Figure 2. (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
(continuous line) and foamed polycarbonate (heating time: 120 s, dashed line) prepared 
by dissolving CO2 at 80 ºC. 
 
Table 2. TGA data for PC foams prepared by dissolving CO2 at 80 ºC. 
Heating time (s) 
Temperature (ºC) 
Relative density 
1 wt% loss 5 wt% loss 50 wt% loss Tmax ** 
* 388 407 465 430 1.00 
40 399 441 512 514 0.15 
60 392 450 515 515 0.13 
80 389 434 512 514 0.10 
100 400 445 517 518 0.08 
120 410 460 520 520 0.13 
*
 Unfoamed PC; ** Tmax - temperature at maximum mass loss rate in the DTG curve 
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Comparatively, the PC foam obtained by applying a heating time of 120 s presented 
an onset temperature of decomposition that was 22 ºC higher and a Tmax 90 ºC higher 
than those of unfoamed PC.  
DTG and heat flow curves, respectively presented in Figure 2(a) and Figure 2(b), 
suggest that two events could be occurring at different rates. The shoulder observed in 
the DTG curve for the unfoamed PC could be related to the lower quantity of material 
that undergoes decomposition at said temperature. The different slopes in the 
thermogram further indicate that two different exothermic processes are taking place. 
The first slope, indicated as stage I, is attributed to the chain scission of isopropylidene 
bonds, catalyzing the degradation process in accordance with the bond dissociation 
energies. The second slope (stage II) is related to the hydrolysis and alcoholysis of 
carbonate bonds as well as the rearrangements of some carbonate bonds while the chain 
scission process continues. During this second stage a strong peak can be observed (see 
Figure 2(b)), indicating that the process is more exothermal. Following this stage, there 
is a temperature range at which the process slows down due to the quantity of material 
remaining and the formation of the typical carbonaceous layer. Finally, a heat release 
process can be detected at around 600 ºC, at which point the volatile gasses resulting 
from the decomposition and trapped by the char structure start to be released (stage III). 
Interestingly, the thermogram of the foam exhibits a delayed stage I of decomposition. 
A small exothermic peak divided into two smaller ones indicates that the chain scission 
takes place in part of the material. The process slows down, which can be attributed to 
the presence of a cellular structure. The decomposition of a higher amount of polymer 
then occurs. During the transition from stage I to stage II the foam exhibited a small 
endothermic peak, at which point a pure endothermic chain scission could be taking 
over the process before hydrolysis/alcoholysis of the carbonate bonds. The delay during 
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the beginning of the decomposition was attributed to the material’s cellular structure, 
which acted as an improved thermal insulator inhibiting heat transfer. The high mass 
loss rate can be explained in a similar manner as that of foams prepared in an one-step 
foaming process, in which the cellular structure of the material is filled with air. The 
presence of air favours the start of internal decomposition of the material due to the 
oxidative action of the small quantity of air present, leading to an increased mass loss 
rate. 
The results for the several PC foams prepared by dissolving CO2 at 80 ºC are 
summarized in Table 2. The temperatures at different percentages of mass loss are 
exhibited. As can be seen, PC foams that presented the highest decomposition process 
delay were those that underwent the longest heating times during the second stage of the 
foaming process (100 and 120 s), which promoted the highest average cell sizes (60 µm 
and 45 µm, respectively – see micrographs presented in Figure 3), effectively slowing 
down the transmission of heat. 
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Figure 3. Micrographs showing the characteristic morphology of unfilled PC 
(magnification: ×150) and PC-GnP foams (magnification: ×25) prepared by dissolving 
CO2 at 80 ºC. 
 
With regard to the PC foams prepared by dissolving CO2 at 100 ºC (see results 
presented in Table 3), they exhibited a higher onset temperature of decomposition when 
compared to foams prepared by dissolving CO2 at 80 ºC. Figure 4(a) presents the TGA 
and DTG thermograms of the unfoamed PC and PC foam prepared by dissolving CO2 at 
100 ºC and applying a heating time of 100 s, the foam that presented the highest thermal 
decomposition delay, i.e., the highest thermal stability. This foam, which also displayed 
a characteristic one-step decomposition process, showed a temperature corresponding to 
a 1 wt% loss that was 38 ºC higher than that of the unfoamed PC and an increment of 
the Tmax of 93 ºC. Similar to what was observed for the previously discussed foams, PC 
foams prepared by dissolving CO2 at 100 ºC and applying long heating times presented 
much higher average cell sizes (710 µm) due to the higher quantity of CO2 dissolved 
into the precursors (see Figure 5, for further details consult reference [20]). Hence, the 
higher increment of the decomposition temperatures of PC foams prepared by 
dissolving CO2 at 100 ºC was attributed to the their much larger cells when compared to 
those prepared by dissolving CO2 at 80 ºC. 
 
Table 3. TG  data for PC foams prepared by dissolving CO2 at 100 ºC. 
Heating time (s) 
Temperature (ºC) 
Relative density 
1 wt% loss 5 wt% loss 50 wt% loss Tmax ** 
* 388 407 465 430 1.00 
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40 405 453 521 521 0.15 
60 403 447 517 518 0.09 
80 403 447 523 524 0.07 
100 426 474 528 527 0.07 
120 423 472 524 523 0.12 
*
 Unfoamed PC; ** Tmax - temperature at maximum mass loss rate in the DTG curve 
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Figure 4. (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
(continuous line) and foamed polycarbonate (heating time: 100 s, dashed line) prepared 
by dissolving CO2 at 100 ºC.  
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Figure 5. Micrographs showing the characteristic morphology of unfilled PC and PC-
GnP foams prepared by dissolving CO2 at 100 ºC. 
 
Figure 4(b) presents a comparison of the heat flow curves of the unfoamed PC and 
PC foam obtained by dissolving CO2 at 100 ºC. A marked slope can be observed for the 
foam right before the signal assigned to stage II of decomposition. This could indicate 
that a slow endothermic process is taking place, possibly due to an endothermic chain 
scission. An endothermic chain scission could be noticeable due to the high cell sizes in 
this foam, which allowed the presence of a higher quantity of air inside the cells, 
favouring polymer chain scission, regardless of the nitrogen atmosphere around the 
sample. The presence of shoulders in the DTG curve during the early stages of 
decomposition (see Figure 4(a)) suggests that there are two or more simultaneous 
processes taking place, which at some point could accelerate the global degradation 
process, either increasing the quantity of material under decomposition or releasing 
some of the products resulting from it. Stage I was related to chain scission until the 
first evident exothermic signal of decomposition. Similar to what was previously 
described, during the transition from stage I to stage II the foam also presented a small 
endothermic peak. The sample then underwent hydrolysis/alcoholysis of carbonate 
bonds during stage II. Finally, a heat release process was detected at 600 ºC, at which 
point the generated volatile gasses trapped in the formed char could have been released 
(stage III). 
The results show that the material’s cellular structure definitely acted as an effective 
thermal insulating system, inhibiting heat transfer at the beginning of thermal 
decomposition. This could explain the delay start of the exothermic process, enabling 
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observation of the endothermic chain scission as it would not have been hidden by the 
exothermic processes taking place in the unfoamed PC and in PC foams having cellular 
structures with smaller cell sizes. 
 
3.2. Thermal stability of low density polycarbonate-graphene nanocomposite foams 
PC-GnP nanocomposite foams showed a global decomposition process similar to 
that of unfilled PC foams analyzed in the previous section (see Figure 6). A significant 
delay at the beginning of the process of approximately 34 ºC was detected for a 1 wt% 
loss in the unfoamed nanocomposite compared to the unfilled P . The temperature 
corresponding to a 5 wt% also resulted increased by 55 ºC, while Tmax was 
approximately 70 ºC higher than the unfilled PC.  
The delay in the decomposition process was attributed to the presence of the GnP 
nanoparticles, more specifically to their layered structure, which promoted a gas barrier 
effect in accordance with that observed for other fillers having a similar morphology 
[24]. The delay in the decomposition could also be attributed to the simultaneous 
formation of char during the early stage of the decomposition, resulting in an effective 
protection for the material [25]. A tortuous path for gas and heat diffusion may have 
been created by the dispersed graphene nanoplatelets, delaying the escape of pyrolysis 
gases [19, 26].  
The thermal stability of PC-GnP nanocomposite was further enhanced by foaming. 
Nanocomposite foams presented a Tmax value up to 26 ºC higher than that of the 
unfoamed nanocomposite. Although no further delay in the onset of decomposition is 
produced in the nanocomposite foams at sight of the 1 wt% loss temperatures, the delay 
is evident for 5 and 50 wt% losses. 
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Figure 6.  (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
composite (continuous line) and composite foam (relative density: 0.24, dashed line) 
prepared by dissolving CO2 at 80 ºC.  
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As can be seen in Figure 6(b), the thermograms of both unfoamed and foamed 
nanocomposites also showed three peaks corresponding to stages I, II and III of 
decomposition. These events took place at slightly higher temperatures in the case of 
foams, with different initial slopes of heat flow, related to endothermic chain scission 
that preceded the exothermic signal that overtook the endothermic process (stage I). A 
subsequent exothermic peak was due to the scission of the isopropylidene bonds and 
some carbonate bonds undergoing rearrangement and the degradation of internal 
surfaces, while another exothermic signal (stage II) was observed due to the 
alcoholysis/hydrolysis similar to that observed for the unfilled P  foams. Stage III 
appeared at a higher temperature for the nanocomposite foams, which can be attributed 
to the delayed release of gases due to the barrier effect promoted by the dispersed 
graphene nanoplatelets. 
The results for the different nanocomposite foams prepared by dissolving CO2 at 80 
ºC are summarized in Table 4. As can be seen, foams of relative density 0.15, 0.24 and 
0.28 presented the highest decomposition process delay, i.e., the highest temperatures 
corresponding to 1 wt% loss, which could be attributed to their finer cellular structure. 
On the contrary, 0.20 relative density foam exhibited a lower enhancement of thermal 
stability, related to its considerably higher cell size (see Figure 3).  
 
Table 4. TGA data for PC-GnP nanocomposite foams prepared by dissolving CO2 at 80 
ºC. 
Heating time (s) 
Temperature (ºC) 
Relative density 
1 wt% loss 5 wt% loss 50 wt% loss Tmax ** 
* 422 462 503 493 1.00 
40 419 465 515 514 0.15 
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60 407 455 512 512 0.20 
80 433 473 519 519 0.24 
100 415 459 515 514 0.28 
*
 Unfoamed PC-GnP nanocomposite; ** Tmax - temperature at maximum mass loss rate in the DTG curve 
 
Nanocomposite foams prepared by dissolving CO2 at 100 ºC also exhibited a one-
step decomposition process (see Figure 7(a)). The onset of the decomposition process 
also resulted delayed. The temperature corresponding to a 1 wt% loss was observed to 
be up to 36 ºC higher compared to that of the unfoamed nanocomposite and 70 ºC 
higher compared to the unfilled PC. The temperature corresponding to a 5 wt% loss 
increased by 20 ºC compared to the unfoamed nanocomposite. The DTG curve showed 
that the decomposition process took place with a Tmax approximately 28 ºC higher than 
that of the unfoamed nanocomposite. Here, the delay in the decomposition process can 
also be attributed to the synergetic presence of the dispersed graphene nanoplatelets and 
the cellular structure, which, as previously explained, promoted a protective mechanism 
that delayed the degradation process. 
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Figure 7.  (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
composite (continuous line) and composite foam (relative density: 0.17, dashed line) 
prepared by dissolving CO2 at 100 ºC.  
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Similar thermograms resulted to those obtained for nanocomposite foams in which 
CO2 dissolution took place at 80 ºC. In this case, a small endothermic signal could be 
observed between the well-defined stages I and II of decomposition, similar to that of 
the unfilled PC foams. This suggests that the endothermic chain scission process 
continues taking place along the decomposition process, in this case being exhibited 
over the exothermic processes observed in stages I and II. 
Table 5 summarizes the TGA results for the different PC-GnP nanocomposite foams 
prepared by dissolving CO2 at 100 ºC. As can be seen, all foams presented significant 
enhancements in terms of the onset of thermal decomposition and Tmax when compared 
to the unfoamed PC-GnP nanocomposite, once again attributed to their cellular 
structure, which acted as an effective heat insulator during burning (see micrographs 
shown in Figure 5). 
 
Table 5. TGA data for PC-GnP nanocomposite foams prepared by dissolving CO2 at 
100 ºC. 
Heating time (s) 
Temperature (ºC) 
Relative density 
1 wt% loss 5 wt% loss 50 wt% loss Tmax ** 
* 422 462 503 493 1.00 
40 432 476 522 520 0.11 
60 447 482 523 520 0.08 
80 458 481 521 519 0.17 
100 437 482 523 521 0.20 
*
 Unfoamed PC-GnP nanocomposite; ** Tmax - temperature at maximum mass loss rate in the DTG curve 
 
An overall comparison of the evolution of the decomposition temperatures 
corresponding to 1, 5 and 50% mass losses with relative density between both medium-
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high density (prepared by one-step foaming) as well as low density (prepared by two-
step foaming) unfilled PC foams and PC-GnP nanocomposite foams is presented in 
Figure 8. Tendencies show that the lower the relative densities the higher the thermal 
decomposition temperatures. This behavior was associated to the more effective thermal 
insulating cellular structure of the lighter foams, i.e., those having lower relative 
densities. Comparatively, the higher thermal stabilities were displayed by the 
nanocomposite foams. This was attributed to the presence of the dispersed graphene 
nanoplatelets, which enhance the thermal barrier effect delaying the escape of 
decomposition gases, as well as the presence of an insulating cellular structure. Even 
though low density foams prepared by two-step foaming (relative densities between 
0.07 and 0.28) still displayed higher thermal stability enhancements (up to 70 ºC at the 
beginning of the decomposition process), these enhancements seem to increase in a 
lower extent when compared with the enhancements displayed by the foams with 
medium-high relative densities prepared by one-step foaming (0.35-0.79) [19]. This 
effect suggests that the generation of a cellular structure through foaming was the most 
important aspect behind thermal stability enhancement, with further improvements only 
being clearly observed with considerably reducing relative density (compare the thermal 
decomposition temperatures corresponding to 50% mass loss of PC-GnP nanocomposite 
foam prepared by two-step foaming having the lowest relative density with that of PC-
GnP foam prepared by one-step foaming). 
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Figure 8. Evolution of the decomposition temperature corresponding to 1, 5 and 50 
wt% loss with relative density for the unfilled (dashed line) and graphene-reinforced 
polycarbonate foams (continuous line): (a) medium-high density foams [19] and (b) low 
density foams. 
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4. Conclusions 
A characteristic one-step decomposition process was observed for both unfoamed 
PC and PC foams. Comparatively, PC foams exhibited a delay during the beginning of 
the decomposition, attributed to the material’s cellular structure, which acted as an 
improved thermal insulator, inhibiting heat transfer at the beginning of the thermal 
decomposition. Comparatively, PC foams that presented the highest decomposition 
process delays were those that displayed the highest average cell sizes. PC foams 
prepared by dissolving CO2 at 100 ºC exhibited a higher onset temperature of 
decomposition when compared to those prepared by dissolving CO2 at 80 ºC, which was 
directly attributed to their much larger cells, acting as a much more effective thermal 
insulating system. 
Although low density PC-GnP nanocomposite foams prepared by scCO2 two-step 
foaming showed a global decomposition process similar to that of unfilled PC foams, 
they displayed a significant enhancement in terms of thermal stability. The delay in the 
decomposition process was attributed to the graphene nanoplatelets, whose layered 
morphology promoted a barrier effect to gas and heat diffusion, alongside the thermal 
insulating effect of the cellular structure generated during foaming. Comparatively, 
although medium-high density PC-GnP nanocomposite foams prepared by one-step 
foaming presented similar thermal stability enhancement tendencies with reducing 
relative density when compared to low density PC-GnP nanocomposite foams, further 
density reduction by two-step foaming led to higher thermal decomposition 
temperatures corresponding to a 50% mass loss, hence demonstrating its effectiveness 
in terms of attaining materials with improved thermal stabilities. 
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Figure captions 
Figure 1. Scheme of the two-step foaming process. 
Figure 2. (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
(continuous line) and foamed polycarbonate (heating time: 120 s, dashed line) prepared 
by dissolving CO2 at 80 ºC. 
Figure 3. Micrographs showing the characteristic morphology of unfilled PC 
(magnification: ×150) and PC-GnP foams (magnification: ×25) prepared by dissolving 
CO2 at 80 ºC. 
Figure 4. (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
(continuous line) and foamed polycarbonate (heating time: 100 s, dashed line) prepared 
by dissolving CO2 at 100 ºC.  
Figure 5. Micrographs showing the characteristic morphology of unfilled PC and PC-
GnP foams prepared by dissolving CO2 at 100 ºC. 
Figure 6.  (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
composite (continuous line) and composite foam (relative density: 0.24, dashed line) 
prepared by dissolving CO2 at 80 ºC.  
Figure 7.  (a) TGA and DTG thermograms and (b) heat flow curves for the unfoamed 
composite (continuous line) and composite foam (relative density: 0.17, dashed line) 
prepared by dissolving CO2 at 100 ºC.  
Figure 8. Evolution of the decomposition temperature corresponding to 1, 5 and 50 
wt% loss with relative density for the unfilled (dashed line) and graphene-reinforced 
polycarbonate foams (continuous line): (a) medium-high density foams [19] and (b) low 
density foams. 
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